hypothermia (TH; n = 6), or TH + erythropoietin (Epo; n = 8). Epo was given on days 1, 2, 3, and 7. Animals had serial developmental assessments and underwent magnetic resonance imaging with diffusion tensor imaging at 9 months of age followed by necropsy. Histology and immunohistochemical (IHC) staining of brain and brainstem sections were performed. Results: All UCO animals demonstrated and met the standard diagnostic criteria for human neonates with moderate-to-severe HIE. Four animals developed moderateto-severe CP (3 UCO and 1 UCO + TH), 9 had mild CP (2 UCO, 3 UCO + TH, 3 UCO + TH + Epo, and 1 control), and 2 UCO animals died. None of the animals treated with TH + Epo died, had moderate-to-severe CP, or demonstrated signs of long-term neuropathological toxicity. Compared to animals grouped together as having no CP (no-CP; controls and mild CP only), animals with CP (moderate and severe) demonKeywords Brain injury · Central nervous system · Cerebellum · Developing brain · Erythropoietin · Hypothermia therapy · Hypoxic-ischemic encephalopathy · Immunohistochemistry · Monkey Abstract Background: Cerebral palsy (CP) is the most common motor disability in childhood, with a worldwide prevalence of 1.5-4/1,000 live births. Hypoxic-ischemic encephalopathy (HIE) contributes to the burden of CP, but the long-term neuropathological findings of this association remain limited. Methodology: Thirty-four term Macaca nemestrina macaques were included in this long-term neuropathological study: 9 control animals delivered by cesarean section and 25 animals with perinatal asphyxia delivered by cesarean section after 15-18 min of umbilical cord occlusion (UCO). UCO animals were randomized to saline ( n = 11), therapeutic 125 strated decreased fractional anisotropy of multiple whitematter tracts including the corpus callosum and internal capsule, when using Tract-Based Spatial Statistics (TBSS). Animals with CP had decreased staining for cortical neurons and increased brainstem glial scarring compared to animals without CP. The cerebellar cell density of the internal granular layer and white matter was decreased in CP animals compared to that in control animals without CP. Conclusions/ Significance: In this nonhuman primate HIE model, animals treated with TH + Epo had less brain pathology noted on TBSS and IHC staining, which supports the long-term safety of TH + Epo in the setting of HIE. Animals that developed CP showed white-matter changes noted on TBSS, subtle histopathological changes in both the white and gray matter, and brainstem injury that correlated with CP severity. This HIE model may lend itself to further study of the relationship between brainstem injury and CP.
Introduction
Intrapartum hypoxia is one important cause of hypoxic-ischemic encephalopathy (HIE), a problem that contributes to 22% of neonatal deaths worldwide [1, 2] . Common causes of intrapartum hypoxia are intrauterine asphyxia brought on by circulatory problems, such as the clotting of placental arteries, placental abruption, or inflammatory processes [3] . In developed countries, therapeutic hypothermia (TH) initiated within 6 h of birth is the standard of care for term and near-term neonates with moderate or severe HIE [4] [5] [6] [7] , and it results in fewer deaths and better neurodevelopmental outcomes up to at least 18 months of age for survivors when compared to untreated neonates [8] . Despite TH, 46% of treated neonates with HIE still die or sustain major neurodevelopmental disability, with approximately 20% developing cerebral palsy (CP) [4] [5] [6] [7] [8] [9] [10] [11] [12] . Since TH only provides a partial treatment benefit, adjunctive therapies are needed. Erythropoietin (Epo), a hematopoietic cytokine with neuroprotective effects, is a promising treatment for neonates with HIE [13, 14] that could be used concurrently with TH [15, 16] .
To better understand treatment strategies that may improve outcomes in neonates with HIE (e.g., TH + Epo), we developed a nonhuman primate model of acute perinatal asphyxia using umbilical cord occlusion (UCO) prior to delivery to produce moderate-to-severe HIE [17, 18] . In our model, UCO for 15-18 min results in clinical and laboratory manifestations of HIE comparable to human newborns entered in the major TH clinical trials [4, 5] . In addition to early physical exam and magnetic resonance (MR) spectroscopy findings consistent with moderate-to-severe HIE, animals demonstrate transient kidney and liver biochemical dysfunction, abnormal amplitude-integrated electroencephalogram (aEEG), feeding intolerance, progressive spasticity, and cognitive delay [17, 18] . We found that UCO for 15-18 min resulted in death or moderate-to-severe CP in 43% of saline-treated and 44% of TH-treated animals, but not in any of the animals treated with TH + Epo [18] . Compared to treatment with UCO + saline, animals treated with UCO + TH + Epo had improved motor and cognitive responses, cerebellar growth, and diffusion tensor imaging (DTI) measurements on MR imaging (MRI). These findings suggest that Epo treatment may play a key role in preventing neurodevelopmental impairment following HIE.
Long-term neuropathological findings following perinatal asphyxia are limited. We have previously reported on 4 animals exposed to UCO for 15 min that had evidence of neuronal degeneration with gliosis, but extensive immunohistochemistry of normal versus injured or treated animals was not available [17] . Here, we present long-term neuropathological findings from a proof-ofconcept, open-label, randomized controlled study to evaluate the incidence of death or CP by treatment group. We also provide a secondary analysis of the neuropathology of animals with and without CP to improve our understanding of the underlying neuropathological substrates of this injury.
Methods and Animals

Animals
The parent study testing the safety and efficacy of TH + Epo for improving survival and preventing the development of moderate-to-severe CP after HIE in a term nonhuman primate model of perinatal asphyxia included 56 Macaca nemestrina (pigtailed macaques) randomized to different treatment groups [18] . This study focused on brain histopathology at 9 months of age, which was available in 34 animals (25 with HIE and 9 non-UCO control animals delivered by cesarean section). Figure 1 provides an overview of the experimental UCO model used to produce HIE in M. nemestrina . The Animal Care and Use Committees at the University of Washington, in accordance with US National Institutes of Health (NIH), guidelines approved all experimental protocols.
Delivery and Resuscitation
Animals were delivered 1-8 days prior to term (168 ± 2 days) by hysterotomy under maternal general anesthesia with sevoflu-
Treatment Groups
To focus on the long-term neuropathological effects of perinatal asphyxia, data from the UCO animals were compared with data from control animals. The 25 animals delivered after UCO for either 15 or 18 min were assigned to 1 of 3 treatment groups: saline ( n = 11; 3 UCO × 15 min and 8 UCO × 18 min), TH only (33.5 ° C for 72 h; n = 6, 2 UCO × 15 min and 4 UCO × 18 min), or TH + Epo ( n = 8, 4 UCO × 15 min and 4 UCO × 18 min). The Epo dose was 3,500 U/kg × 1 dose followed by 3 doses of 2,500 U/kg, or Epo 1,000 U/kg/day × 4 doses given intravenously. Nine animals of similar gestational age were delivered by cesarean section to serve as control animals. Primary outcome measurements were made using the allocated treatment group as the variable. For the secondary analysis, as previously described [18] , animals were designated as no-CP (normal or mild CP only), or CP (moderate-to-severe CP).
Animal Care
Post-resuscitation care, which closely mimicked care practices in human newborns requiring intensive care, was conducted as previously reported [20] . Briefly, study animals were maintained for a minimum of 3 days on parenteral fluids, with adjustments made to maintain euglycemia and hydration. For infants treated with TH, enteral feedings were started after rewarming, once the animals had a normal abdominal exam and stooling was established (typically on postnatal day 4). Routine labs included serial electrolytes, arterial blood gas, and lactate level measurements (iSTAT ® ; HESKA Corp., Loveland, CO, USA). Animals with clinical seizure activity were treated with phenobarbital (5 mg/kg), with repeated doses given (dose range: 5-30 mg/kg) until the seizure activity ceased. Data for all of these parameters have been reported previously [18, 20] .
Psychological and environmental enrichment activities were performed based on the Infant Primate Research Laboratory Care Protocol [21] . A physical therapist skilled in neonatal care and blinded to the treatment group performed sequential exams at 1 week, 1 month, and 8 months, to document any evidence of motor abnormalities and contractures consistent with CP. Animals were evaluated on their ability to control active movement, and muscle tone at each joint was graded on the Ashford scale of 0 (normal) to 4 (affected parts rigid in flexion or extension) [19] . Based on serial evaluations, animals at the end of the study were characterized as being normal (no CP), or having mild, moderate, or severe CP. Animals who died were placed in the severe CP category.
MRI Acquisition and Analyses
All surviving UCO animals, non-UCO cesarean section-delivered control animals, and 5 colony animals underwent sedated MRI as previously described at 24 or 72 h [20] , and again at 9 months. Brain MRI from surviving animals diagnosed with CP ( n = 6; 1 severe, 2 moderate, and 3 mild) were compared to control animals ( n = 5). Total scan time was approximately 2 h and consisted of magnetization-prepared rapid gradient echo (MPRAGE), high-resolution T1-weighted imaging, DTI, and MR spectroscopy acquired on a Philips Achieva 3.0-tesla magnet with an X-series Quasar dual-gradient system. Two 8-channel-array head coils were custom-made to fit neonatal and juvenile macaques. Details of the sequence acquisition performed were as previously reported [20] . 
Diffusion Tensor Imaging
Voxelwise statistical analysis of the fractional anisotropy (FA) data was carried out using TBSS (Tract-Based Spatial Statistics [22] ), part of the FMRIB's Software Library (FSL) [23] . First, FA images were created by fitting a tensor model to the raw diffusion data using FDT, and then brain-extracted using BET [24] . All subjects' FA data were then aligned into a common space using the nonlinear registration tool FNIRT [25, 26] , which uses a B-spline representation of the registration warp field [27] . Scans at 3 days and at 9 months of age from representative control animals were used to align animals instead of the human normal space. Next, the mean FA image was created and thinned to create a mean FA skeleton, which represents the centers of all tracts common to the group. Each subject's aligned FA data were then projected onto this skeleton, and the resulting data were fed into voxelwise crosssubject statistics. Voxelwise cross-subject statistics were performed on non-FA DTI data (first eigenvalue, second eigenvalue, third eigenvalue, mean diffusivity (MD), mode of anisotropy, volume ratio, and raw T2 signal without diffusion-weighting) using the tbss_non_FA command. Threshold-free cluster enhancement results with correction for multiple comparisons were used to determine significance [28] .
Histopathological Analysis At 9 months of age, animals were sedated with ketamine and then euthanized with an overdose of intravenous sodium pentobarbital. After terminal perfusion with 4% paraformaldehyde, the brains were immediately removed, immersion-fixed with 4% paraformaldehyde, and paraffin-embedded. Hematoxylin and eosin (H&E) stains from a subgroup of animals with CP ( n = 3, 2 UCO animals and 1 UCO + TH animal) were compared to the cesareansection control animals ( n = 4). Sections (4-μm-thick) from the level of the thalamus with the associated cerebral cortex, corpus callosum, and hippocampus were routinely processed, embedded in paraffin, and H&E-stained. These slides were qualitatively evaluated in a blinded manner by a board-certified veterinary pathologist (J.S.).
Immunohistochemical Staining
Paraffin-embedded sections (6-μm-thick) were cut and immunohistochemical (IHC) staining was performed as previously described [29, 30] , including citric acid antigen retrieval, blocking with 2% serum (respective to secondary antibody species), followed by incubation with primary (overnight) and secondary (for 1 h) antibodies. BrdU staining was performed as previously described including 2 mol/L HCl treatment for 30 min followed by 0.1 mol/L sodium borate for 5 min. The antibodies and concentrations used are listed in Table 1 .
Glial fibrillary acidic protein (GFAP), ionized calcium-binding adaptor molecule 1 (Iba1), myelin basic protein (MBP), and microtubule-associated protein 2 (MAP2) underwent densitometric analysis as previously described [31, 32] using ImageJ (NIH, USA). Counts were made of CD68, CD45, Ki67, Olig2, NeuN, calbindin and BrdU. Figure 2 demonstrates brain regions evaluated with IHC staining. Analyses were made in 3 fields of view (FOV)/brain region for densitometric analysis and 2 FOV/brain region for counts as previously described [31, 32] . IHC data across FOV were averaged and the mean used in a statistical analysis performed with GraphPad Prism v5. IHC analyses of the effects of UCO were made with the Mann-Whitney U test, and the effects of treatment on UCO injury were analyzed using a one-way ANOVA with the Dunnett post hoc test (comparing UCO only to UCO + TH and to UCO + TH + Epo) which included an adjustment for multiple comparisons. Comparisons of CP versus control for all brain regions were made using the Mann-Whitney U test. Significance for all analyses was accepted at p < 0.05.
Brainstem Analysis
Brainstem tissues were embedded in paraffin and 4-μm-thick sections from the pons and medulla were H&E-stained or immunostained using the Ventana Bench Mark Ultra automated immunostainer (Ventana Medical Systems, Tucson, AZ, USA) according to the manufacturer's instructions. Sections were subjected to an antigen retrieval process for 8 min using Ventana's Cell Conditioner 1 (Ventana Medical Systems) followed by GFAP detection using an anti-GFAP antibody (Ventana Medical Systems).
Brainstem Scoring
Brainstems were analyzed in 12 animals (5 controls, 5 UCO, and 2 UCO + TH). The samples in each case included various levels of medulla, pons, and/or spinal cord. The brainstem was hemisected in most cases. H&E and GFAP slides from each case were accessed. In assessing H&E sections, the extent of neuronal loss and the presence or absence of gliosis as defined by the presence of gemistocytic cells with hypereosinophilic cytoplasm (reactive astrocytes) were noted. In assessing GFAP sections, the presence of glial-fiber staining with a "feltwork" appearance in the tissue with and without gliosis as defined by the presence of GFAP-positive astrocytic-cell-body staining (reactive astrocytes) was noted. After assessing the H&E and GFAP stains, composite scores were given as follows: 0 = no pathology (H&E: no neuronal loss and GFAP: a mainly feltwork pattern); 1 = mild gliosis with no obvious neuronal loss; 2 = moderate gliosis with possible neuronal loss but mild; 3 = severe injury with widespread gliosis and neuronal loss. To assess the strength and direction of association between brainstem severity scores and CP severity scores, the Spearman rank correlation coefficient was used (GraphPad Prism).
Morphometric Measurements of the Cerebellum
After brain MRI, cerebellar tissue was available for 4 CP and 4 no-CP (control or no UCO) animals for morphometric cerebellar measurements. The cerebellum was embedded in paraffin, and sagittal sections 4-μm-thick were made. Slides were stained for H&E, calbindin, GFAP, and BrdU on the Leica Bond Automated Immunostainer with Leica bond kits (Leica Microsystems Inc., Buffalo Grove, IL, USA). Slides were baked for 30 min at 60 ° C and deparaffinized. Antigen retrieval was performed with citrate/ EDTA buffer for 20 min at 100 ° C. Slides were blocked in normal donkey serum (10% in TBS) for 10 min at room temperature. Primary antibodies were applied at room temperature for 30 min. Leica goat anti-mouse HRP polymer was applied for 30 min at room temperature and blocked with peroxide for 10 min. Leica Bond Refine Detection (DAB) was applied twice for 10 min at room temperature. Slides were counterstained with hematoxylin.
Slides were scanned using a Nanozoomer Digital Pathology slide scanner (Olympus America; Center Valley, PA, USA). The digital images were then imported into Visiopharm software (Hørsholm, Denmark) for analysis. Measurements included: thickness of the molecular layer, Purkinje number, Bergman glia density, density of the internal granular layer, density of cells in the white matter, and BrdU+ cell counts. Cerebellar analyses were performed using ImageJ software. Statistical analysis (2-sided t tests; p < 0.05) was performed using IBM SPSS Statistics v9.0 (SPSS Inc., IBM Co., Chicago, IL, USA).
Results
Animal Characteristics
After delivery, all animals exposed to UCO were flaccid without spontaneous respirations or movement, required intubation and mechanical ventilation, and met the standard diagnostic criteria for human neonates with moderate-to-severe HIE. These animals had APGAR scores of <5 at 10 min of age, needed positive-pressure ventilation at 10 min of age, had severe metabolic acidosis within the first 60 postnatal min, and had depressed voltages on aEEG. Marginally more females (19/34; 55.9%) than males (15/34; 44.1%) were included in this study. Body weights were not significantly different at necropsy whether assessed by treatment group, outcome (CP), or sex.
Primary Outcome Measurements
Effect of Treatment on the Diagnosis of CP Of the 34 animals in this analysis, 4 had moderate-tosevere CP (3 UCO and 1 UCO + TH) and 9 had mild CP, based on serial behavioral assessments by a neonatal physical therapist blinded to the treatment groups. Two female UCO animals died, 1 at 3 days and 1 at 270 days of age. The early death was due to severe neurological compromise. The late death occurred in a UCO + TH animal with a history of persistent tachypnea, that unexpectedly collapsed and was noted on autopsy as having had a combination of endo-and myocarditis with cardiac compromise and chronic pulmonary atelectasis. None of the animals treated with TH + Epo died or had moderateto-severe CP. Analysis with two-way ANOVA demonstrated that males had a greater burden of CP (53%, n = 8, 4 mild, 3 moderate, and 1 severe) than females (26%, 6 mild) across treatment groups ( p = 0.029), and this analysis also confirmed our previous reports on the efficacy of our treatments to reduce the burden of CP ( p = 0.021; Fig. 3 a) .
Effects of UCO and Treatments on Neuropathology
We initially assessed the effects of UCO on the brain and the effects of TH with or without Epo using immunohistochemistry for neurons (NeuN), astrocytes (GFAP), microglia (Iba1), oligodendrocytes (Olig2), microglia/macrophages (CD68 and CD45), and proliferation (Ki67 and BrdU), ( Table 2 ). Significant effects of UCO were: a reduced number of NeuN-positive cells in the cortex ( Fig. 4 a) and cerebellum, reduced MBP density in the hippocampus and corona radiata, decreased GFAP density in the cerebellum ( Fig. 4 b) , a decreased number of CD68-ositive cells in the hippocampus and an increased number of Ki67-positive cells in the cortex. The effects of TH or TH + Epo were minimal, i.e. TH + Epo prevented the loss of MBP density in the hippocampus but exacerbated the loss in the corona radiata, and TH and TH + Epo prevented the decrease in GFAP staining associated with UCO in the cerebellum. Very sparse staining (1-4 positive cells per entire brain section) was noted for BrdU and so no analysis was conducted. With these measurements, TH + Epo (vs. TH alone) as a therapy was not associated with long-term changes in the brain despite the decrease in the group-wide incidence of CP ( Fig. 3 a) . The size of the groups precluded any mean- ingful sex-specific analysis of the neuropathology data by treatment group.
Secondary Outcome Measurements
Effects of Sex on CP Diagnosis When adjusting our data to proportions of animals suffering from CP in line with our secondary outcomes measurements, we observed a strong association between a diagnosis of CP and male sex (the Fisher exact test, p < 0.0001; Fig. 3 b) . As above, for body weight, no differences by sex were observed for CP versus no-CP animals.
Changes Associated with CP via MRI Fiber density, axonal diameter, and myelination were evaluated by FA measurements. FSL TBSS revealed the changes in FA, the first, second, and third eigenvalues, and the MD of CP and control animals ( Fig. 5 ) in the first 72 h after injury [33] . Decreased FA was demonstrated in the corpus callosum, the anterior and posterior limbs of the internal capsule, and in multiple other white-matter tracts in the animals with CP (6 CP and 4 control animals). To examine differences in brain structural integrity between control and CP animals, MD measurements were obtained; these demonstrated an increased signal in CP animals compared to in controls. In animals with CP, both the MRI obtained within the first 72 h of age and the MRI obtained at 9 months of age, demonstrated similar regions of decreased FA ( Fig. 5 ). No differences in brain volume between groups were present.
Neuropathology Associated with CP No consistent qualitative abnormalities were observed upon examination of the H&E-stained slides of the thalamic region of CP animals ( n = 3, 1 mild, 1 moderate, and 1 severe) compared to cesarean-section controls ( n = 4, 3 without CP and 1 mild CP). One UCO animal diagnosed with moderate CP had mild, focally extensive white-matter vacuolation and mild, multifocal expansion of the arteriolar tunica media, of unknown significance ( Fig. 6 ) .
In the cortex, compared to the no-CP classified animals, those with CP had decreased numbers of NeuNpositive cells ( p = 0.0430) but increased numbers of Ki67-positive cells ( p = 0.001) ( Fig. 7 ) . In the hippocampus, the numbers of Ki67-positive cells were also increased ( p = 0.0326) and CD68-positive cell numbers decreased (vs. animals classified as no-CP) ( p = 0.009). No other differences in the white matter (corona radiata), cortex, cerebellum, or hippocampus, including staining for Iba1 and MBP, were noted. A sex-specific analysis of the neuropathological data revealed that there were no significant differences between the CP group and the "no-CP" group in females (online suppl. Fig. 1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000470903). Analysis specifically of the males revealed that the effects from the whole group analysis remained for neurons in the cortex ( p = 0.0879), and additionally in the cerebellum ( p = 0.0173; online suppl. Fig. 2 ). Furthermore, in male CP animals, the increase in numbers of Ki67-positive cells in the cortex ( p = 0.120) and the decrease in numbers of CD68-positive cells in the hippocampus ( p = 0.0159) were more significant than in the mixed sex analysis. However, the increase in hippocampal Ki67 expression was not significant ( p = 0.662).
Changes in the Brainstem Associated with CP: Brainstem Scoring Brainstems were analyzed in 12 animals (5 controls, 5 UCO, and 2 UCO + TH). Abnormalities were noted in all 5 animals with CP (3 UCO and 2 UCO + TH), which included 1 UCO animal that died at 270 days of age. One control animal without CP had a brainstem score of 1 (mild gliosis with no obvious neuronal loss). Animals with CP demonstrated neuronal loss and reactive astrocytes with increased cytoplasmic GFAP-positive staining compared to the control animals ( Fig. 8 g) . A strong association between brainstem severity scores and CP severity scores was demonstrated by the Spearman rank correlation coefficient ( R = 0.973; Fig. 8 h) . Morphometric Measurements of the Cerebellum Associated with CP Cerebellar tissue was available from 4 CP animals and 4 animals without CP (no-CP; no-UCO control only). At 9 months of age, the external granular layer was not present. There were no differences in thickness of the molecular layer (CP 334 ± 56 vs. no-CP controls 263 ± 26 μm), Purkinje cell density (CP 6.3 ± 0.8 vs. no-CP control 6.8 ± 1.0 cells/500 μm), or Bergman glial-fiber density (CP 20.2± 1.5 vs. no-CP control 18.2± 2.6 fibers/100 μm). The cell density of the internal granular layer and white matter was significantly decreased in CP animals (2-sided t tests, p < 0.05; Fig. 9 ). No differences in cerebellar volume were evident between groups.
Discussion
The nonhuman primate brain has a complexity and development similar to the human brain. This facilitates neurocognitive testing to be conducted over time that is analogous to testing done in humans [21] . These attributes make this UCO model attractive for studying the long-term neuropathology of CP related to HIE and the safety and efficacy of neurotherapeutics. We previously reported that, compared to UCO saline, for animals treated with TH + Epo, there were fewer deaths and CP at 9 months of age, with a relative risk reduction of 0.911 (95% CI -0.429 to 0.994) and an absolute risk reduction of 0.395 (95% CI 0.072-0.635) [18] . The primary purpose of this study was to confirm the long-term safety and efficacy of TH + Epo, including a neuropathological assessment. We found that TH + Epo did indeed reduce the long-term risk of CP or death, and that animals treated with TH + Epo (vs. TH only) were not negatively impacted (e.g., with their somatic growth, head circumference, and neuropathology scores). Based on IHC analysis, there were no signs of long-term toxicity with TH + Epo, which supports further research of this combined treatment strategy to promote improved long-term outcomes in neonates with HIE.
Our secondary aim was to assess the neuropathology of animals that developed CP by 9 months of age, which is comparable to 3 years of human development, after exposure to UCO compared to animals without CP (i.e., control animals ± UCO animals with only mild CP). Animals with CP demonstrated decreased FA and increased MD values across multiple white-matter tracts, including The cell density in the cerebellar internal granular layer (IGL) and white-matter (WM) tract was compared in controls ( n = 5) and animals that had CP ( n = 4). CP animals had decreased cell density in the IGL and WM compared to control animals. * p < 0.05, 2-sided t test. Scale bars, 25 μm.
the corpus callosum and internal capsule on MRI. In children with congenital hemiparesis and sensorimotor deficits, reduced FA and increased MD have been observed for precentral gyrus and paracentral lobule connections within the posterior limb of the internal capsule on the hemisphere contralateral to the impaired side [34] . The significance of the decreased FA in the anterior limb of the internal capsule, a region which contains thalamocortical corticopontine and caudate/pallidum fibers, is not clear. Bilateral disruptions in the thalamocortical connections of the anterior limb of the internal capsule have been demonstrated in schizophrenia and have been associated with poor memory performance [35] . Decreased whitematter FA is observed in infants diagnosed with HIE and the severity of the loss in FA is associated with the longterm outcome [36] .
In neonates with HIE, there is no established correlation of DTI with brain pathology findings; this prevents us from drawing significant conclusions regarding radiological-pathological correlations in our animals with CP. We did not observe changes in either oligodendrocyte cell number (Olig2-positive cell counts, data not shown) or myelin-staining intensity to directly support the notion that decreased FA might relate to hypomyelination. However, important ultrastructural changes such as altered myelin-wrapping efficiency or altered G ratios (axon diameter/total fiber diameter) can affect FA values and are associated with perinatal brain injury [29, 37] . Gliosis is considered an important contributor to perinatal injury following hypoxia-ischemia [38, 39] and it is thought that gliosis might persist, preventing repair and precipitating further neurodegeneration [40] . However, there were no changes in the density of staining for astrocytes (GFAP) or the number of microglia (Iba1+). Given the potential relevance of activation state rather than cell morphology or number in an in vivo context, our analysis might not have had the sensitivity to detect long-term (tertiary) changes in the glia. With regard to the decreased macrophage/microglia number (CD68) in the hippocampus, in isolation, the relevance of this change is purely speculative, e.g. it possibly mediates effects on memory by changing the local inflammatory milieu [41] . Similarly, there appeared to be a long-term, but isolated effect of increased proliferation in the CP group. This occurred in the cortex, which suffered a reduction in mature neuron numbers; it is tempting to suggest this simply reflects a long-term (failed) regenerative response, but this requires additional work to specifically characterize the type of cells that proliferate.
Animals with CP had decreased staining for cortical neurons and increased brainstem glial scarring compared to animals in the control group. We previously reported that UCO in this model was associated with reduced cerebellar volumes and that this was corrected with TH + Epo [18] . Providing neuropathological evidence to support our previous work, the cerebellar cell density of the internal granular layer and white matter was decreased in CP animals compared to in control animals.
There was a strong correlation between brainstem injury severity (neuronal loss and glial scarring) and CP severity. A possible explanation for this neuronal loss could be damaged neural pathways (e.g., motor cortex to brainstem) that led to the demise of remote brainstem neurons following UCO-induced HIE. In a neonatal rat model, Reinebrant et al. [42] demonstrated that disrupted serotonergic inputs to the motor cortex resulted in brainstem serotonergic neuronal loss after hypoxic-ischemic injury. Disruption of the brainstem and spinal cord serotonergic system has also been proposed to account for the motor defects observed in neonatal mice using the Rice-Vanucci hypoxic-ischemic injury model [43] . Future studies on our UCO model, investigating damaged neural pathways, such as the serotonergic system pathway, after neonatal HIE may reveal cellular mechanisms of axonal degeneration relevant to the development of CP.
An important observation from this study was the greater likelihood of males to suffer from CP following exposure to UCO. This observation is in agreement with clinical findings, including by the Surveillance of Cerebral Palsy in Europe (SCPE), that males are more likely to suffer CP following perinatal events such as HIE [44, 45] . We noted (despite the low power in this analysis) that effects specific to males drove the majority of the neuropathological changes in animals suffering CP in this model. Sex-specific differences in basic cellular responses to insult may underpin some of the vulnerability to perinatal events [46] , as may differences in the maturation of various regions altering susceptibility [47] . Unfortunately, only the overall outcome and IHC analysis were sufficiently powered to approach the question of sex-specific effects.
There is limited information available on the longterm neuropathology of HIE-related brain injury in relation to cognitive impairments and CP for guiding strategies to improve childhood outcomes. The inability to accurately determine the cause of HIE in human newborns remains a substantial shortcoming of clinical medicine. Not only are the timing and mechanism of brain injury based on speculation, but the prevention of HIE has been unattainable. Retrospective analyses of HIE in human newborns is typically hindered by the conjecture about underlying causation, the lack of any accurate information on the duration and degree of insult(s), and nebulous explanations of key factors that predict, trigger, and perpetuate the pathological processes related to HIE. While an imperfect model, the nonhuman primate UCO model of HIE has a clearly defined injury mechanism (UCO) and duration of initial insult (15 or 18 min of UCO), which allows for the study of treatments initiated at uniform times across groups. Similar to humans, not all animals with HIE developed CP or had apparent long-term neurodevelopment deficits. Why some animals and human newborns tolerate the severe hypoxic insults associated with HIE and others die or are permanently devastated remains a conundrum. While most CP cases are not secondary to HIE, the cases that are related have been associated with severe HIE based on the Sarnat criteria [48] . Consistent with this relationship, the animals subjected to UCO in our study demonstrated findings consistent with severe HIE, and went on to develop CP in 35% (12/34) cases. In this study [48] , TH did not reduce the long-term outcome of death or CP. Whether this discrepancy with human studies is due to the UCO model mechanism of injury, the limited sample size, or other unrecognized factors remains unclear. One factor that must be considered is the duration of cooling, since 72 h in a neonatal macaque is not equivalent to 72 h in a human neonate, given that the rate of aging in these animals is approximately 3 times as fast as in humans [49] . A recent phase III trial, studying the effect of the depth and duration of cooling on outcomes of moderate-to-severe HIE, demonstrated a higher adjusted risk ratio for NICU deaths of babies cooled for 120 h compared to 72 h (1.37; 95% CI 0.92-2.04) [50] . Thus, the 72-h duration of TH in the UCO + TH animals may have exceeded the window of benefit. While combined treatment with TH + Epo looks promising [15, 16] , we suspect that additional strategies will be needed to mitigate long-term neurodevelopmental injury in neonates with moderate-to-severe HIE.
Neonates with HIE typically demonstrate 2 main brain MRI injury patterns, a watershed-predominant or a basal ganglia/thalamus pattern, as demonstrated by Miller et al. [51] who studied a cohort of 173 term neonates with HIE in order to determine the antenatal and perinatal risk factors and neurodevelopmental deficits associated with these patterns. In their study, the newborns delivered by emergency cesarean section who required intensive resuscitation at birth and had more severe encephalopathy and seizures, had a basal ganglia/thalamus injury pattern detected on MRI that was associated with the most impaired motor and cognitive outcome at 30 months. In our nonhuman primate study, UCO induced an acute, abrupt hypoxic insult associated with intensive resuscitation at birth and severe encephalopathy and seizures; however, no pattern of gross brain MRI abnormalities was detected either early (on days 1-3) or later (at 6 or 9 months) [18] . Although these animals did not demonstrate a basal ganglia/thalamus injury pattern typically associated with severe neuromotor and cognitive outcomes in human neonates, 35% (12/34) still developed CP (4 animals had moderate-to-severe CP and 9 had mild CP). The explanation for this apparent discrepancy between neuroimaging and clinical presentation is not clear. While many children with CP have abnormalities detectable on MRI, this is not always the case, as children with all clinical subtypes of CP, including severe functional severity, can have normal conventional MRI [52] . A retrospective study by Numata et al. [53] , investigating associations between neuroimaging findings, motor function, epileptic episodes, and cognitive function in 86 CP patients with spastic diplegia who were born at term, found no abnormalities on conventional MRI in 41.9% of the patients. Using a population-based CP registry (Quebec, Canada), Benini et al. [54] studied 213 patients to identify distinctive clinical features characterizing children with CP and normal-appearing MRI findings. They demonstrated that 42% (15/36) of the children with normal-appearing MRI displayed a high degree of functional disability (Gross Motor Functional Classification System IV-V) versus 33% (30/90) with abnormal MRI, and that normal-appearing MRI was more common in children with dyskinetic CP and less common in children with spastic hemiplegic CP, compared with other CP variants. Abnormal connectivity may be important in the development of CP [55] ; unfortunately, we did not conduct MRI structural connectivity measurements to determine if animals with CP had disrupted sensorimotor pathways compared to animals without CP.
This study has many limitations, including the small number of animals in each group due to the substantial costs of the model, the differences in UCO durations (15 min in 9 animals and 18 min in 18 animals), and that neuropathological analysis of only 34/56 animals (60.7%) from the parent study (only the animals that survived to 9 months were examined) was conducted. This last point is important as it means that we may not have detected the most severe neuropathological injuries as these lead to early death. During the course of the study, the UCO duration was changed from 15 to 18 min to promote more consistent and significant long-term neurodevelopmental disability, important for testing neuroprotective strategies. However, the distribution of animals exposed to UCO for 15 or 18 min was consistent between the groups and across sexes. Since all animals received serial behavioral testing and physical therapy, the long-term neurodevelopmental outcomes may have been modified by this therapy, a phenomenon that could affect the interpretation of the long-term impact of early treatment (TH ± Epo) versus serial physical therapy for newborns with HIE. This issue of an apparent enriched environment is important, as physical therapy has been found to improve outcomes across preclinical models [56, 57] , and a varied home environment is standard for babies. As such, any therapy must be able to be effective in the context of an enriched environment. Another criticism of our study is that we included animals with mild CP in the "no-CP" group when we analyzed scatter plot data from IHC staining based on outcomes. Due to limited animal numbers, this no-CP group was compared to animals diagnosed with moderate or severe CP (CP group). We recognize that humans with mild CP can have significant disabilities, including cognitive impairment, behavioral problems, and epilepsy, so future, larger studies would benefit from not combining different categories of CP in their analysis.
Another study limitation is the lack of IHC staining on thalamic tissue. Thalamic abnormalities were not seen on MRI or with H&E staining (except for mild changes in 1 animal with moderate CP). These findings likely exclude severe/frank thalamic lesions from being involved in the observed outcomes, but, as IHC staining was not performed, we cannot exclude subtle deep gray matter pathology. Brainstem histopathological analysis was limited to 12 animals and did not include any TH + Epo animals ( n = 8, 5 without CP and 3 with mild CP), which meant assessment of this treatment effect was not possible. In addition, MRI analysis of the brainstem was not performed, so no correlation of radiological and histopathology findings was possible. Given the need for a robust model of HIE, our study was important but it was limited in statistical power due to the ethical and practical limitations of a primate model. This was because multiple regions and cell types were analyzed, which increased the chance of false positive results. However, our neuropathological assessments supplemented strong observations on behavioral deficits, with robust clinical applicability. Therefore, despite its limitations, the study offers valuable insight into the long-term brain neuropathology associated with CP secondary to HIE, findings that are not ascertainable in humans for obvious ethical reasons and secondary to the limitations of postmortem human studies (including the variability in postmortem delay and in underlying etiologies).
In conclusion, animals with CP associated with severe HIE secondary to UCO demonstrated decreased FA of multiple white-matter tracts including the corpus callosum and internal capsule, decreased IHC staining for cortical neurons, and increased brainstem glial scarring compared to animals without CP. In addition, the cerebellar cell density of the internal granular layer and white matter was decreased in CP animals compared to in control animals without CP. However, our UCO model was not associated with a basal ganglia/thalamus injury pattern typical of neonates with HIE who develop CP, which suggests possible structural connectivity abnormalities. Future studies using this model should include MRI brainstem imaging, including structural connectivity measurements, to evaluate for disrupted sensorimotor pathways that may play a key role in animals with CP.
